Natarajan P, Crothers JM Jr, Rosen JE, Nakada SL, Rakholia M, Okamoto CT, Forte JG, Machen TE. Myosin IIB and F-actin control apical vacuolar morphology and histamine-induced trafficking of H-K-ATPase-containing tubulovesicles in gastric parietal cells. Am J Physiol Gastrointest Liver Physiol 306: G699 -G710, 2014. First published February 27, 2014 doi:10.1152/ajpgi.00316.2013.-Selective inhibitors of myosin or actin function and confocal microscopy were used to test the role of an actomyosin complex in controlling morphology, trafficking, and fusion of tubulovesicles (TV) containing H-K-ATPase with the apical secretory canaliculus (ASC) of primarycultured rabbit gastric parietal cells. In resting cells, myosin IIB and IIC, ezrin, and F-actin were associated with ASC, whereas H-KATPase localized to intracellular TV. Histamine caused fusion of TV with ASC and subsequent expansion resulting from HCl and water secretion; F-actin and ezrin remained associated with ASC whereas myosin IIB and IIC appeared to dissociate from ASC and relocalize to the cytoplasm. ML-7 (inhibits myosin light chain kinase) caused ASC of resting cells to collapse and most myosin IIB, F-actin, and ezrin to dissociate from ASC. TV were unaffected by ML-7. Jasplakinolide (stabilizes F-actin) caused ASC to develop large blebs to which actin, myosin II, and ezrin, as well as tubulin, were prominently localized. When added prior to stimulation, ML-7 and jasplakinolide prevented normal histamine-stimulated transformations of ASC/TV and the cytoskeleton, but they did not affect cells that had been previously stimulated with histamine. These results indicate that dynamic pools of actomyosin are required for maintenance of ASC structure in resting cells and for trafficking of TV to ASC during histamine stimulation. However, the dynamic pools of actomyosin are not required once the histamine-stimulated transformation of TV/ASC and cytoskeleton has occurred. These results also show that vesicle trafficking in parietal cells shares mechanisms with similar processes in renal collecting duct cells, neuronal synapses, and skeletal muscle.
WHEN GASTRIC PARIETAL CELLS from rabbits are isolated and cultured, their highly invaginated apical canalicular membranes are endocytosed and converted into several separate apical secretory canaliculi (ASC). These ASC remain separated from the basolateral membrane and also from the H-KATPase-containing tubulovesicles (TV) during extended culture. During secretagogue-induced stimulation of acid secretion by these parietal cells, H-K-ATPase-containing TV located in the cytosol fuse with the ASC membranes, leading to a large increase in area of these ASC membranes and activation of both K and Cl channels and the H-K-ATPase (27, 30, 38, 50, 77) . These stimulation-associated morphological changes involve changes in both the structure and dynamics of the actin cytoskeleton located directly underneath the apical microvilli (27) (28) (29) . Profound ultrastructural changes in the F-actin-containing microfilaments occur during the secretory cycle of parietal cells, i.e., resting ¡ stimulated ¡ return to resting (6) . Such changes in the actin cytoskeleton may be controlled through interactions with myosin II (nonmuscle myosin II) exerting mechanical and tensile forces (40) , but this has not been tested.
Myosin II consists of two heavy chains, two essential light chains (ELCs), and two regulatory light chains (RLCs). Myosin II motor activity and parallel filament assembly are regulated by the phosphorylation of residues localized on the RLCs and heavy chains (21, 55, 70, 72) . Phosphorylation of RLC via myosin light chain kinase (MLCK) (7) initiates the binding of myosin II to filamentous actin. Myosin II can self-assemble into minifilaments and interact with actin to generate tensile force and respond to biochemical stimuli (41, 70) . Myosin II and actin are enriched in and near the apical membrane of many epithelial cells where myosin II regulates actin turnover and generates contractile/tensile forces to maintain tissue shape and morphology (41) . A dynamic actomyosin network is also required for cytokinesis, cell migration, polarity, epithelial morphogenesis, organelle positioning, and membrane vesicle trafficking (5, 35, 36, 41, 44, 46, 49, 51, 70, 74) .
Previous studies in parietal cells have suggested that F-actin (4, 28, 76) and myosin II (75, 79) are both present in the microvilli of the ASC membrane of parietal cells, but their roles and interactions remain incompletely described. Use of actin inhibitors, cytochalasins B and D (bind barbed end of F-actin and depolymerize F-actin) and latrunculin B (sequesters G-actin and depolymerizes F-actin), showed that a dynamic pool of F-actin played an important role in translocation and fusion of H-K-ATPasecontaining TV with apical microvilli (4, 6, 28) . However, the role of F-actin in morphology of ASC in resting cells and interactions between actin and myosin II in ASC-TV fusion in stimulated cells were not determined. Some contradictory data indicated that myosin II was not involved in TV-ASC interactions during histamine stimulation: 1) histamine caused changes in myosin IIA distribution near the basolateral, not the apical, membranes (79) and 2) neither ML-7 (MLCK inhibitor) nor 2,3-butanedione monoxime (myosin II ATPase inhibitor) had any effect on TV translocation and fusion with ASC during histamine stimulation (79) .
The goal of the present study was to test the roles of myosin II and F-actin in parietal cell function by confocal imaging of both fixed, immunostained and live parietal cells. Localization of F-actin; myosin IIA, IIB, and IIC; H-K-ATPase; and ezrin were analyzed in fixed cells. Dynamic changes in ASC were imaged in live cells by using either a novel probe of ASC membranes, adenoviral-expressed green fluorescent protein (GFP)-PLC 1 ␦-PH, which binds to phosphatidylinositol (4, 5) bisphosphate [PI(4,5)P2], or the previously characterized adenoviral-expressed yellow fluorescent protein (YFP)-ezrin (11, 18, 22, 81) . Inhibitors of myosin II and F-actin were used to determine the role of the actomyosin complex on the structure, distribution, and function of ASC and H-K-ATPase-containing TV in resting and histamine-stimulated cells.
MATERIALS AND METHODS
Primary culture of rabbit gastric parietal cells. All procedures and treatments of animals were approved by the University of California Berkeley Institutional Animal Care and Use Committee. New Zealand White rabbits were sedated with a subcutaneous cocktail containing ketamine (100 mg/ml) and xylazine (20 mg/ml). Pentobarbital (Nembutal) was administered intravenously to achieve anesthesia, and a midline abdominal incision was made. The gastric vasculature was perfused with PBS via retrograde cannulation of the abdominal aorta. The stomach was removed, the mucosa was scraped to remove cells, and the cells were minced and digested with collagenase (Worthington type 4, 1 mg/ml) in MEM supplemented with 1 mg/ml BSA for 30 min. The digestion was filtered through cheesecloth to remove undigested tissue. Gastric glands and large clumps of cells settled out in 10 -15 min by gravity, leaving a dense suspension of individual cells that were subjected to a 40-m cell strainer. Intact cells were recovered by centrifuging the suspension (3ϫ, 100 g, 5 min) followed by resuspension in fresh medium A, which contained DMEM-F-12 (Life Technologies, Grand Island, NY), supplemented with 20 mM HEPES, 0.2% BSA, 10 mM glucose, 1ϫ SITE (selenium, insulin, transferrin) medium (Sigma, St. Louis, MO), 1 mM glutamine, 100 U/ml penicillin-streptomycin (from Penicillium/Streptomyces griseus), 400 g/ml gentamycin (Micromonospora purpurea). These procedures resulted in a cell suspension that was 70 -75% parietal cells. Cells were plated and cultured on coverslips coated with Matrigel (BD Bio Sciences, San Jose, CA) as described (15, 16) in 12-well plates and incubated at 37°C in culture medium A.
Recombinant adenovirus constructs and infection of parietal cells. A recombinant adenovirus (rAD) containing tagged with yellow fluorescent protein (YFP-ezrin) was used as previously described (81) . GFP-PLC 1␦-PH (kind gift from Prof. Tobias Meyer, Stanford University), widely used for labeling PI(4,5)P2 (20, 69, 78) , was used to label ASC membranes. To make a rAD/green fluorescent protein (GFP)-tagged phospholipase C 1␦ pleckstrin homology domain (GFP-PLC1␦-PH) expression system, human PLC1␦-PH with GFP gene was amplified by PCR from pEGFP-N1/PLC1␦-PH and inserted into AdMax shuttle vector pDC311. The resulting plasmid pDC311/PLC1␦-PH and viral vector pBHGloxDE1,3Cre were cotransfected into HEK293 cells to obtain rAD/GFP-PLC 1␦-PH.
Immunofluorescence and rAD infection. Cells used for immunolocalization were fixed (4% formaldehyde in PBS 10 min) and washed three times with PBS. They were then permeabilized (0.25% Triton X-100 in PBS, 10 min), blocked (2% bovine serum albumin in PBS), and incubated with antibodies against mouse anti-ezrin (dilution 1:100) or rabbit anti-ezrin (1:100) (4A5, Covance, Berkeley, CA and Cell Signaling Technology, Danvers, MA), mouse anti-H-K-ATPase (1:1,000) (2G11, Affinity Bioreagents, Boulder, CO), rabbit anti-myosin heavy chain isoforms [myosin IIA (1:50) As observed in the confocal microscope, fixed and stained parietal cells were routinely only 2-3 m thick but 21-36 m in diameter. These flattened cells also had flattened ASC and associated proteins, resulting in generating the equivalent optical effect of sandwiching individual x-y planes into a single z plane. Thus ASC appeared to be "filled" rather than as hollow structures surrounded by the proteins of interest. We therefore quantitated the effects of histamine and the drugs on ASC structure by measuring two diameters of ASCs in the different conditions, one measurement through the longest axis and a second measurement 90°to this first measurement. This approach allowed us to quantitate both the size and shape of the ASCs.
Western blotting. Western blot experiments were conducted as described previously (48) . Cell scrapings were used for Western blots to assay the expression of myosin heavy chain. Equal amounts of protein were loaded onto 4 -12% SDS-PAGE gels. Proteins were transferred onto membranes and probed with antibodies to myosin II heavy chain isoforms A, B, or C. Results were visualized with chemiluminescence reagent (Western Lightning Plus ECL chemiluminescence reagent, PerkinElmer, Waltham, MA).
RESULTS

Localization of myosin II in resting and stimulated parietal cells.
Western blots showed that myosin II isoforms A, B, and C were present in lysates from control and histamine-stimulated parietal cell-enriched fractions from gastric mucosa (Fig. 1) . Immunofluorescence microscopy was used to localize myosin II isoforms along with actin, ezrin, and H-K-ATPase in parietal cells. Myosin IIA localized to the cytoplasm near the basolateral membrane ( Fig. 2A ), similar to previous observations (79) . In contrast, myosin IIB and IIC and MRLC predominantly colocalized with F-actin and ezrin in/near ASC in resting, control parietal cells (Fig. 2, B-D) . These results indicated that myosin IIB and IIC were more likely than myosin IIA to be involved in morphological transformations at ASC and TV during histamine stimulation. Myosin IIB and IIC had nearly identical staining patterns under all conditions examined, but, given the more distinct localization of myosin IIB with ASC and the documented role of myosin IIB in polarized cell function and secretion (33, 52, 67) , it was chosen as the focus of this work.
As summarized in Fig. 3 , A and B, actin, ezrin, and myosin IIB were prominently associated with ASC in resting cells, whereas H-K-ATPase was distributed mostly in cytoplasmic TV. In histamine-stimulated cells, ASC stained with H-KATPase and became markedly expanded (Table 2 ) (by fusion of HK-ATPase-rich TV and HCl secretion); actin and ezrin remained associated with this expanded ASC, similar to previous observations (1, 16, 27, 43, 60) . Myosin IIB changed its localization following histamine stimulation from being associated with ASC (where ezrin and actin are localized) to instead becoming dispersed to the cytoplasm. There was also some punctate myosin IIB staining near the basal membrane.
We tested whether the apparent redistribution of myosin IIB from ASC to cytosol resulted simply from the swelling asso- ciated with histamine stimulated HCl plus H 2 O secretion into ASC. Studies in histamine-stimulated cells that had been treated with the protonophore SCN Ϫ (32) to eliminate HCl accumulation showed that ASC were less expanded than in histamine-treated cells but, like histamine-treated cells, ASC contained H-K-ATPase and were decorated with F-actin but not with myosin IIB (Fig. 3, A and B, bottom rows) . This result confirmed that histamine caused dispersal of myosin IIB from ASC to the cytoplasm even in the absence of swelling of the ASC.
Pharmacological inhibition of myosin II by ML-7 alters ASC morphology in resting cells and trafficking of TV upon histamine stimulation. Histamine-stimulated redistribution of myosin IIB and IIC from ASC to the cytosol suggested that these myosin II isoforms might play important roles in mediating movement and/or fusion of H-K-ATPase-containing TV to ASC membranes. This hypothesis was tested by using three inhibitors: ML-7, Y-27632, and blebbistatin (Table 1) . ML-7 inhibits MLCK, which inhibits phosphorylation of MRLC and prevents myosin minifilament assembly and, therefore, actomyosin interactions. Y-27632 is a Rho kinase inhibitor that also inhibits phosphorylation of MRLC (66, 70) . Blebbistatin blocks the ATPase activity of myosin II (39) and would alter actomyosin interactions if myosin II head groups and ATP turnover were involved in regulating myosin-actin interactions in parietal cells. Resting parietal cells were treated with 10 M ML-7, then fixed and stained for actin, ezrin, myosin IIB, and H-K-ATPase (Fig. 4, A and B, top rows) . Comparisons of images of ML-7-treated resting cells in Fig. 4 , A and B, with images of control resting cells in Fig. 3, A and B, suggest that the main effect of ML-7 was to cause ASC containing actin, ezrin, and myosin IIB to shrink (Table 2 ). In addition, some of the myosin IIB appeared to relocalize to the basolateral membrane. ML-7 had no apparent effect on the localization of H-K-ATPase in TV.
The shrinkage of ASC upon the addition of ML-7 shown in Figs. 4, A and B, and 6, A and B, and summarized in Table 2 Fig . 3 . Effects of histamine and histamine ϩ NaSCN on localization of myosin IIB, actin, ezrin, and H-KATPase in parietal cells. Parietal cells were treated with cimetidine (100 M) (Control), histamine (100 M), or histamine ϩ NaSCN (3 mM NaSCN) together for 30 min, followed by fixation and staining for F-actin and ezrin as described in Fig. 2 and H-K-ATPase with mouse anti-H-K-ATPase (2G11) followed by Alexa Fluor-labeled goat secondary antibody (A) or F-actin, ezrin, and myosin IIB (B). F-actin and ezrin by were localized to ASCs in both resting and histamine-stimulated cells. Myosin IIB was localized to ASC in resting parietal cells and to the cytosol in histamine-stimulated cells. H-K-ATPase localized to tubulovesicles (TV) in cytosol in resting cells and to expanded ASC in histamine-stimulated cells. Cells treated with histamine ϩ NaSCN together showed collapsed ASC, and ezrin, actin, and H-K-ATPase remained associated with the shrunken ASC, and myosin IIB remained dispersed to the cytosol. The less distinct staining of ezrin in images also stained for H-K-ATPase resulted from nonspecific binding of polyclonal ezrin antibody (i.e., compared with monoclonal antibody used in other images).
was unexpected. To validate and characterize this process further, two fluorescent fusion proteins, YFP-ezrin (81) and GFP-PLC 1 ␦-PH [used for labeling PI(4,5)P2 (20, 69, 78) in membranes of live cells], were used to label ASC membranes (Fig. 6, A and B) . Figure 5 shows typical fluorescence images of GFP-PLC 1 ␦-PH (Fig. 5A ) and YFP-ezrin (Fig. 5B ) and the corresponding interference (DIC) images of live, cimetidine-treated (100 M) rabbit parietal cells 40 h after infection and then in the same cells following removal of cimetidine and treatment for 30 min with histamine (100 M). GFP-PLC 1 ␦-PH was present most prominently in ASC but also in basolateral membranes. There was similarly intense YFP-ezrin labeling in the ASC membrane and weak labeling in the basolateral membrane, consistent with previous data (80, 82) . The brighter fluorescence of both GFP-PLC 1 ␦-PH and YFP-ezrin in ASC compared with basolateral membranes may have resulted from the greater surface area from the infoldings of microvilli in ASC compared with the smoother basolateral membranes, or a higher content of PI(4,5)P2 and ezrin in ASC. Time-lapse microscopy of parietal cells during histamine stimulation showed gradual expansion of ASC membranes as monitored with either GFP-PLC 1 ␦-PH (Supplemental Movie S1) or YFP-ezrin (Supplemental Movie S2). The expansion of ASC likely resulted from fusion of TV with ASC and activation of H-K-ATPase and associated K and Cl channels in TV, resulting in accumulation of HCl and swelling of the ASC. Persistent labeling of ASC with GFP-PLC 1 ␦-PH suggested that the specific content of PI(4,5)P2 in these membranes did not change appreciably during histamine stimulation, although the total amount of PI(4,5)P2 in these membranes may have increased owing to addition of ASC membrane and production of PI(4,5)P2. The data also indicated that GFP-PLC 1 ␦-PH and YFP-ezrin were reliable markers of ASC in living parietal cells.
As shown in Fig. 6 , A and B, and Supplementary Movies 3 and 4, time-lapse imaging of live, resting parietal cells showed that ML-7 caused ASC to collapse within 20 min as visualized by using GFP-PLC 1 ␦-PH and YFP-ezrin. Similar experiments were performed on parietal cells that were fixed and stained for actin, ezrin, myosin IIB, and H-K-ATPase (Fig. 4, A and B, top  row) .
Interestingly, when added prior to histamine, ML-7 blocked the normal stimulatory effects of histamine (Fig. 4, A and B , middle row). Thus ML-7 blocked the recruitment of H-KATPase to ASC (H-K-ATPase remained localized to TV in the cytosol) and prevented the expansion of ASC (Table 2 ). In contrast, results published previously showed that ML-7 did not block the recruitment of H-K-ATPase to ASC in histaminestimulated cells (79) . This apparent discrepancy may have resulted from different experimental procedures. Zhou et al. (79) added histamine and ML-7 together and then monitored morphology, whereas we pretreated cells with ML-7 for 30 min and monitored morphology of both resting cells and also cells that were treated subsequently with histamine. We conclude that the effect of ML-7 on parietal cell function during the secretory cycle may depend critically on the timing of the addition of the inhibitor. Supporting these potential timedependent effects are additional results in which treatment with histamine followed by ML-7 showed normal, stimulated-like appearance of actin, ezrin, myosin II, and H-K-ATPase (Fig. 4 , A and B, bottom row; Table 2 ). These last data indicated that, in contrast to the dramatic effects of ML-7 on resting parietal cells and blocking stimulation-associated changes, once hista- Cells were treated as follows: Control (100 M cimetidine), Histamine (100 M histamine for 30 min), ML-7 (10 M ML-7 for 30 min), ML-7 ϩ Histamine (10 M ML-7 for 30 min followed by 100 M histamine for 30 min), Histamine ϩ ML-7 (100 M histamine for 30 min followed by 10 M ML-7 for 30 min), Histamine ϩ NaSCN (100 M histamine ϩ3 mM NaSCN together for 30 min), Y-27632 (10 M Y-27632 for 30 min), Y-27632 ϩ Histamine (10 M Y-27632 for 30 min followed by 100 M histamine for 30 min), Blebbistatin (50 M blebbistatin for 30 min), Blebbistatin ϩ Histamine (50 M blebbistatin for 30 min followed by 100 M histamine for 30 min), Jasplakinolide (3 M jasplakinolide for 60 min), Jasplakinolide ϩ Histamine (3 M jasplakinolide for 30 min followed by 100 M histamine for 30 min), Histamine ϩ Jasplakinolide (100 M histamine for 30 min followed by 3 M jasplakinolide for 30 min), ML-7 ϩ Jasplakinolide (10 M ML-7 for 30 min followed by 3 M jasplakinolide for 30 min), Blebbistatin ϩ Jasplakinolide (50 M blebbistatin for 30 min followed by 3 M jasplakinolide for 30 min), Nocodazole ϩ Jasplakinolide (20 M nocodazole for 30 min followed by 3 M jasplakinolide for 30 min). Following these treatments, cells were fixed and stained (see MATERIALS AND METHODS). Diameters of apical secretory canaliculus (ASC) were measured (from ezrin or myosin IIB staining) along the long axis and then at 90°to this in confocal micrographs of ASCs, and the ratio of the 2 measurements was calculated. Averages Ϯ SD are reported for 75-113 ASCs measured in parietal cells from 3 different experiments each. Statistical comparisons: *P Ͻ 0.05 for comparison to control; †P Ͻ 0.05 for comparsion to histamine; ‡P Ͻ 0.05 for comparison to jasplakinolide. mine had induced the stimulated morphology, ML-7 had little effect.
Previous studies showed that ML-7 had protonophore-like activity in isolated gastric tubulovesicles (2, 61, 79), which might have contributed to our results by preventing expansion of ASC in cells treated first with ML-7 and then histamine. However, results in Figs. 3, 4 , and 6, Supplementary Movies S3 and S4, and Table 2 showed that effects of the known protonophore NaSCN and ML-7 were quite different: 1) Adding ML-7 to resting cells caused ASCs to collapse (Figs. 4A and 6 and Supplementary Movies S3 and S4), whereas NaSCN had no effect (Ref. 1; P. Natarajan, unpublished observations). 2) In the presence of SCN Ϫ , histamine caused fusion of H-K-ATPase containing TV with ASC (Fig. 3A, Ref. 1) , whereas, in the presence of ML-7, histamine-induced fusion of TV with ASC was prevented (Fig. 4A). 3) Adding ML-7 to cells stimulated with histamine did not cause ASCs to collapse (Fig. 4B) , inconsistent with ML-7 eliciting a protonophore action. On the basis of these observations we concluded that NaSCN and ML-7 had distinct effects on ASC and that the effects of ML-7 to shrink ASC in resting cells were mediated at least in part through blocking MLCK. However, further work will be required to determine unambiguously that ML-7-induced shrinkage of ASC in resting cells results solely from ML-7 block of MLCK activity.
In contrast to the effects of ML-7, neither blebbistatin nor Y-23632 had any effect on morphology of ASC or distribution of ezrin, actin, and myosin IIB in resting parietal cells (Fig. 7A and Table 2 ) and also did not alter the normal stimulatory effect of histamine ( Fig. 7B and Table 2 ). These studies emphasized the selectivity of the inhibitory effects of ML-7 and indicated that the MRLC in parietal cells is phosphorylated by MLCK but not by Rho kinase. Fig. 4 . Effects of ML-7 on actin, ezrin, myosin IIB, and ASC morphology in resting and histamine-stimulated parietal cells. Cells were treated with cimetidine (100 M) followed by ML-7 (10 M) for 30 min or ML-7 for 30 min followed by histamine (100 M) for 30 min (ML-7 ϩ Histamine) or with histamine for 30 min followed by ML-7 for 30 min (Histamine ϩ ML-7). Cells were then fixed and stained for F-actin, ezrin, and myosin IIB (A) or F-actin, ezrin, and H-K-ATPase (B) as described in legends to Figs. 2 and 3.
Effects of jasplakinolide: a dynamic pool of F-actin is also required for ASC morphology in resting cells and for trafficking of TV during histamine stimulation. Effects of ML-7 to
cause collapse/shrinkage of ASC in resting parietal cells (Fig.  4 , A and B, Table 2 ) were consistent with the idea that a dynamic pool of myosin IIB was involved in maintaining ASC structure in resting cells. Previous studies using the F-actin disruptors cytochalasin and latrunculin showed that actin filaments were required for the morphological transformation of ASC during histamine stimulation of parietal cells (4, 6, 56) . As a complement to the effects of the F-actin disrupters, we tested the actin-stabilizing drug jasplakinolide (34) on morphology of ASC and TV in both resting cells and cells treated with histamine. Effects of jasplakinolide were tested both in live cell imaging to identify time course of changes in ASC in resting cells and in fixed/stained cells to identify changes in cytoskeletal network associated with ASC and H-K-ATPase in TV of both resting and histamine-stimulated cells.
In live cells expressing GFP-PLC 1 ␦-PH ( Fig. 8A ; Supplemental Movie S5) or YFP-ezrin ( Fig. 8B ; Supplemental Movie S6), jasplakinolide caused blebbing of ASC toward and even extending to the basolateral membranes of parietal cells. Blebs started with small, smooth, spherical shapes that gradually increased in size during the next 15 min. Jasplakinolide has been reported to induce blebbing of plasma membranes toward the extracellular space ("outward directed") in macrophages and cancer cells (26, 58) . In parietal cells, jasplakinolide caused blebbing of ASCs toward the cytosol ("inward directed") to such an extent that the blebs appeared to push on and cause eversion of the basolateral membranes of parietal cells (outward directed).
Fixed/stained cells were used to test for distribution of cytoskeletal components in ASC-associated blebs and H-KATPase in TV during treatment with jasplakinolide. Comparison of images of jasplakinolide-treated cells in Figs. 8C and 9 , A and B, with control cells in Figs. 2 and 3, A and B, showed that in resting parietal cells jasplakinolide caused relocalization of actin, ezrin, and myosin IIB from ASC to blebs (also see Table 2 ). These blebs assumed a hornlike appearance in fixed cells, likely resulting from fixation-induced shrinkage (13, 19) . Because there is no distinct ASC in jasplakinolide-treated cells, we confirmed that jasplakinolide-treated cells were parietal cells by using H-K-ATPase staining (P. Natarajan, unpublished observations). As shown in Fig. 9B , these jasplakinolideinduced projections also contained microtubules/tubulin. Cells that were treated first with jasplakinolide and then histamine (Fig. 9C) had similar appearance as cells treated with jasplakinolide alone ( Fig. 9A ; also Table 2 ). In contrast, cells treated first with histamine and then jasplakinolide (Fig. 9D) looked nearly identical to cells that had been stimulated only with histamine (Fig. 3, A and B, middle rows; also Table 2 ). These results showed that jasplakinolide blocked histaminestimulated transformation, but jasplakinolide did not affect morphology of parietal cells once they had been stimulated. The effects of jasplakinolide suggest that the normal localization and dynamic behavior of F-actin, myosin IIB, ezrin, and microtubules are required to maintain normal vacuolar morphology of resting parietal cells and prime the cells for histamine-stimulated transformation.
We also used jasplakinolide in combination with inhibitors of myosin II (blebbistatin and ML-7) and microtubules (nocodazole) to test the roles of these cytoskeletal elements in forming the blebs. Comparison of Fig. 10, A and B, with Fig.  9A showed that pretreatment of resting parietal cells with either blebbistatin or ML-7 reduced blebbing caused by jasplakinolide (Table 2) . Nocodazole also reduced the blebbing caused by jasplakinolide (Fig. 10C vs. Fig. 9A ). Overall, these results indicated that myosin II, F-actin, ezrin, and microtubules may all be involved in generating the blebs or relocalization of these proteins during jasplakinolide treatment. However, similar to lack of effect of ML-7 in stimulated cells, jasplakinolide had no effect on appearance of cells that had been pretreated with histamine.
DISCUSSION
The major conclusions of this work are that dynamic pools of myosin IIB and F-actin (e.g., treadmilling) are important for maintaining ASC structure in resting parietal cells and for providing trafficking of TV to and fusion with ASC during histamine stimulation. A schematic model (Fig. 11 ) summarizes our proposal for the roles of the dynamic pools of myosin and actin in parietal cells.
In resting parietal cells (Fig. 11i) , myosin IIB assembles into filaments that interact with F-actin to provide a dynamic actomyosin network that surrounds and connects to ASC (green line/membrane), with actin undergoing myosin IIBregulated treadmilling. Myosin II-regulated actin treadmilling/ turnover occurs during many membrane dynamic events (31, 37, 42, 47, 52, 59, 62, 71, 74) , and resting parietal cells may require the dynamic actomyosin complex surrounding ASC to provide the force/tension required to resist an unknown collapsing force on the ASC, thereby helping to keep them patent in the resting cells. Ezrin connects these dynamic actin filaments with ASC membranes (3). H-K-ATPase-containing TV (red membrane) are localized to the cytosol, separated from the ASC, and these actomyosin filaments may also provide tracks along which TV move up to and fuse with ASC.
Histamine treatment (Fig. 11ii ) results in remodeling of the actomyosin cytoskeleton surrounding ASC and translocation of TV to and their subsequent fusion with ASC (fusion and mixing of red TV membranes with green ASC membranes is shown by yellow membrane), thereby delivering the H-KATPase to ASC. Once TV fusion has occurred, myosin II is for 30 min followed by immunostaining for F-actin, ezrin, and myosin IIB as described in Fig. 2 . B: parietal cells were treated with blebbistatin or Y-27632 for 30 min, then stimulated with histamine (100 M) for 30 min followed by fixation and immunostaining for F-actin, ezrin, and myosin IIB as described in Fig. 2. released from ASC. Further expansion of ASC after TV fusion results from HCl and water accumulation.
Blocking MLCK with ML-7 in resting cells (Fig. 11iii ) likely allowed an unopposed phosphatase to dephosphorylate MRLC, leading to inhibition of myosin filament assembly, depolymerization of F-actin, and concomitant loss of ezrin from ASC to the cytosol, and thus disassembly of the actomyosin network that is required for maintenance of normal morphology of ASC in resting cells and for normal trafficking and fusion of TV to ASC during histamine stimulation. Because ML-7 has protonophore activity (61), it is possible that some of ML-7's effects on ASC morphology resulted from its combined action as a protonophore and inhibitor of MLCK. Further investigations are warranted to address this issue. Myosin II assembly and localization at the cleavage furrow during cytokinesis is regulated by myosin II heavy chain phosphorylation (54) , and threonine phosphorylation of myosin heavy chain disassembles myosin filaments and alters the localization of myosin II (21, 23, 68) . However, tests of histamine-stimulated changes in heavy chain phosphorylation, function, and/or localization of myosin IIB in parietal cells will require specific anti-phospho-heavy chain antibodies, which are currently not available. The lack of an effect of Y-23632 (blocks Rho kinase) suggests that Rho kinase is not involved in regulating myosin II phosphorylation in parietal cells. Jasplakinolide (F-actin stabilizing agent) caused actomyosin filaments to lengthen (Fig. 11iv) , pulling ASC into inward-directed blebs of ASC that also contained ezrin and microtubules. A coordinated interaction of F-actin, myosin IIB, ezrin, and microtubules may be required to pull on and generate the inward-directed blebs of ASC membranes. The formation of these jasplakinolide-dependent blebs from ASC is also consistent with the conclusion that a dynamic F-actin network is important for maintaining normal ASC morphology in resting parietal cells. Jasplakinolide caused membrane blebbing (arrowhead) from 1 part of ASC, which appeared to shrink (arrow) compared with the resting state. C: parietal cells were incubated with 3 M jasplakinolide for 30 min followed by fixation and staining for actin using mouse anti-actin antibody and Alexa Fluor-labeled goat secondary antibody; ezrin and myosin IIB were labeled as described in Fig. 3 . Actin colocalized with ezrin (top) and myosin IIB (bottom). Fig. 9 . Jasplakinolide alters the localization of ezrin and myosin and morphology of ASC and inhibits histamine-stimulated ASC membrane expansion. Parietal cells were treated with jasplakinolide (3 M) for 60 min (A and B) or jasplakinolide for 30 min followed by histamine (100 M) for 30 min (Jasplakinolide ϩ Histamine) (C) or with histamine for 30 min followed by jasplakinolide for 30 min (Histamine ϩ Jasplakinolide) (D); cells were then fixed and stained for ezrin and myosin IIB as described in Fig. 2 (A, C, and D) or tubulin by using mouse anti-tubulin followed by Alexa Fluor-labeled goat secondary antibody (B). Arrows indicate membrane protrusion containing ezrin, myosin IIB, and tubulin.
Interestingly, jasplakinolide-induced inward bleb formation was prevented in cells that had been treated with ML-7 or blebbistatin, indicating that formation of these inward membrane blebs required myosin II activity. Myosin II activity is involved in outward bleb formation in other cells (12, 13, 19, 25, 26, 53, 58, 73) . In addition, formation of blebs in glioblastoma cells (45) required growing microtubules in addition to actin and myosin II, consistent with observations here showing that nocodazole inhibits bleb formation. Such coordination between an actomyosin complex and the microtubular system has been proposed to control membrane dynamics during cell migration, cytokinesis, and polarity (9, 10, 14, 24) . These results also suggest that the localization and/or activity of myosin IIB in parietal cells may regulate the localization of other cytoskeletal components such as ezrin or microtubules (or vice versa).
Jasplakinolide, when added prior to histamine, also blocked histamine-stimulated transformations in parietal cells, consistent with previous experiments showing the importance of the actin network for histamine-induced trafficking and fusion of TV with apical microvilli in parietal cells (4, 6, 28) . The present data therefore indicate that dynamic pools of both F-actin and myosin II were important in normal stimulationassociated membrane transformations in parietal cells (4, 28, 56) . Rapid hormone-or Ca 2ϩ -regulated trafficking of membrane vesicles in renal cortical collecting duct cells, presynaptic neurons, and muscle cells (17, 57, (63) (64) (65) are also blocked Fig. 10 . Effects of combinations of jasplakinolide, blebbistatin, ML-7, and nocodazole on parietal cell ezrin, myosin IIB, and tubulin. Parietal cells were treated with blebbistatin (50 M) for 30 min followed by jasplakinolide (3 M) for another 30 min (Blebbistatin ϩ Jasplakinolide) (A) or with ML-7 (10 M) for 30 min followed by jasplakinolide for 30 min (ML-7 ϩ Jasplakinolide) (B) or with nocodazole (20 M) for 4 h followed by jasplakinolide for 30 min (Nocodazole ϩ Jasplakinolide) (C); cells were then fixed and stained for ezrin, myosin IIB, and tubulin as described in Fig. 9 . Fig. 11 . Model for role of actomyosin complex in ASC morphology and TV trafficking in parietal cells. i: F-actin and myosin IIB assembled into filaments form an actomyosin complex that surrounds ASC in resting parietal cells; F-actin is attached to the ASC (green membrane) by ezrin. H-K-ATPasecontaining TV (red membranes) are localized to the cytoplasm. ii: Histamine stimulation causes myosin IIB to dissociate from the ASC, whereas TV translocate from the cytosol to and fuse with ASC (which become yellow to denote fusion and mixing of TV with ASC). This fusion event is associated with activation of H-K-ATPase (and associated ion channels, not shown), leading to secretion of HCl and enlargement of ASC. F-actin and ezrin remain associated with ASC whereas myosin IIB dissociates from ASC in histamine-stimulated cells. iii: ML-7 causes ASC to shrink/collapse owing to Factin depolymerization and dissociation of ezrin and myosin from ASC; these effects also prevent normal activation by histamine. iv: Jasplakinolide leads to stabilization of F-actin, which lengthens and, in association with myosin and microtubules, helps to form bleblike membrane protrusions of ASC that then prevent normal trafficking and fusion of TV with ASC. This effect of jasplakinolide is blocked when cells are pretreated with ML-7 or blebbistatin or nocodazole, indicating a role for myosin IIB and microtubules in the formation of the blebs. by either ML-7 or jasplakinolide, indicating that the actomyosin network is important for proper trafficking of membrane vesicles in many cell types in addition to parietal cells.
An important negative result is that once parietal cells had become fully activated by histamine, cells became resistant to ML-7 and jasplakinolide, suggesting that the inhibitory effect of these drugs is selective and relative to the physiological state of parietal cells. The lack of effect of the cytoskeletal inhibitors on structure of histamine-stimulated cells may result from histamine-induced dissociation of myosin from the ASC. In any case, our data indicate that the ASC and associated cytoskeleton behaves quite differently in resting cells (which have a dynamic, rapidly turning over actomyosin network) vs. histamine-stimulated cells (which appear to have a more stable actomyosin network). Overall, our data indicate that in normal parietal cells the coordination of the activities of the dynamic pools of myosin IIB and F-actin, perhaps as a complex, are required to maintain normal ASC morphology and a physiological state primed for histamine-stimulated translocation of TV and their fusion to ASC. Once parietal cells have achieved their stimulated morphology, the dynamic pools of actin and myosin are dispensable.
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